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Abstract
We consider a scenario where the supersymmetry breaking and its mediation,
and the cancellation of the theta parameter of SU(3)C are all caused by a single
chiral multiplet. The string axion multiplet is a natural candidate of such a single
superfield. We show that the scenario provides a convincing basis of focus point
gaugino mediation, where the electroweak scale is explained with a moderate tuning
among the parameters of the theory.
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1 Introduction
An axion with a large decay constant between the unification scale and the Planck scale
is one of interesting predictions in string theory [1], which solves the strong CP problem
in QCD [2–5], and is a good candidate for the dark matter (DM) observed today. In this
paper, we consider a framework where the string axion causes a spontaneous supersym-
metry (SUSY) breaking under the condition of the vanishing cosmological constant, via
the mechanism of the gravitational SUSY breaking [6].
The framework provides a convincing basis of focus point gaugino mediation [7] 1 with
vanishing soft masses for sfermions. The electroweak symmetry breaking (EWSB) scale
is explained with O(1)% tuning between the gaugino mass and the SUSY invariant mass
of the Higgs multiplet. This is highly non-trivial since there are severe lower bounds on
masses of SUSY particles from the Large Hadron Collider (LHC) (see [14] and references
therein) as well as the observed Higgs mass of 125 GeV [15,16], which requires large stop
masses [17–20]. The mild tuning to explain the EWSB scale is achieved with relatively
large bino and wino masses compared to a gluino mass at a high energy scale.2 In our
setup, the mass ratios of the gauginos are fixed at the Planck or string scale by the
anomaly coefficients of the shift symmetry, i.e. integer numbers.
From the view point of minimality the framework would be also attractive: a single
chiral multiplet, an axion multiplet, is responsible for the SUSY breaking, its mediation
to the standard model sector at a high energy scale with focus point gaugino mediation,
dark matter, and a solution to the strong CP problem.
This paper is organized as follows. In section 2, we briefly review the axion induced
SUSY breaking. In section 3, focus point gaugino mediation and its LHC signal are
discussed. We also show that the light Higgsino can be detected at future direct detection
experiments. In section 4, the cosmological aspects of our model, especially an imprint
on the cosmic microwave background, are discussed. Finally section 5 is devoted to the
conclusion and discussion.
1We refer reader to [8, 9] for an original proposal for a focus point scenario where scalar masses are
much larger than gaugino masses, and to [10–13] for recent discussion on focus point scenarios.
2 The importance of the non-universal gaugino masses to reduce the fine-tuning has been noticed in
Refs. [21–27].
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2 Axion induced SUSY breaking
In this section we briefly review the mechanism of SUSY breaking by a string axion
multiplet Φ. We will see that the SUSY is necessarily broken by the F-term of Φ when
the cosmological constant vanishes. The string axion multiplet Φ enjoys a shift symmetry
Φ→ Φ + iR, where R is a real constant. A Ka¨hler potential K and a super potential W
consistent with the shift symmetry are given by
K = K(Φ + Φ†) ≡ K(x), W = C. (1)
Note that the superpotential is independent of Φ due to the shift symmetry. Here, we
assume the constant C 6= 0.
The scalar potential of Φ is given by
V = eK
(∂K
∂x
)2 (
∂2K
∂x2
)−1
− 3
 |C|2, (2)
where we take the units of MPl = 1. (MPl is the reduced Planck mass.) The condition of
the vanishing cosmological constant, V = 0, is satisfied with
(
∂K
∂x
)2 (
∂2K
∂x2
)−1∣∣∣∣∣∣
x=〈x〉
= 3, (3)
where 〈x〉 is a vacuum expectation value determined by the stationary condition:
∂
∂x
(∂K
∂x
)2 (
∂2K
∂x2
)−1∣∣∣∣∣∣
x=〈x〉
= 0. (4)
The F-term of Φ is then given by
FΦ = −eK/2
(
∂K
∂x
)(
∂2K
∂x2
)−1∣∣∣∣∣∣
x=〈x〉
C∗, (5)
which is non-zero as long as Eq. (3) is satisfied, i.e. the cosmological constant vanishes [6].
Notice that the argument of FΦ is aligned to that of C∗ since K is a real function of
x. This alignment is an important feature of our framework: the dangerous SUSY CP
problem is absent, as discussed in Section 3.
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3 Focus point gaugino mediation
Gaugino mediation was proposed to suppress the flavor-changing neutral currents tak-
ing the sequestered Ka¨hler potential [28–30]. With the sequestered Ka¨hler potential all
soft SUSY breaking masses beside the gaugino masses vanish at the high energy scale.3
Therefore, the gaugino masses are only parameters of the SUSY breaking, determining the
low-energy mass spectrum of the SUSY particles. In the axion induced SUSY breaking
scenario the gaugino masses are given by the couplings of the axion multiplet Φ to the
gauge multiplets.4 The couplings are fixed by the anomaly indices of the shift symmetry.
The relevant part of the Lagrangian is
L ⊃
√
2
32pi2fa
∫
d2θΦ
[
k1W21 + k2W22 + k3W23
]
, (6)
where k1, k2 and k3 are integers corresponding to the anomaly indices of the shift-
symmetry; W1, W2 and W3 are field strength superfields of U(1)Y , SU(2)L and SU(3)C ,
respectively, and fa is the decay constant of the string axion.
5 The coupling with W3
is responsible for the mass of the axion, and hence the solution to the strong CP prob-
lem. It should be stressed that the ratios of the gaugino masses are fixed by the anomaly
indices of the shift symmetry. This feature leads to the scenario of focus point gaugino
mediation, where the EWSB is relatively insensitive to the masses of the SUSY particles.
In the following we explain how the focus point behavior is achieved.
The EWSB scale is determined by the stationary conditions:
g2Y + g
2
2
4
v2 '
−µ2 − (m2Hu + 12vu ∂∆V∂vu ) tan2 β
tan2 β − 1 +
m2Hd +
1
2vd
∂∆V
∂vd
tan2 β − 1

Mstop
,
Bµ (tan
2 β + 1)
tan β
'
[
m2Hu +
1
2vu
∂∆V
∂vu
+m2Hd +
1
2vd
∂∆V
∂vd
+ 2µ2
]
Mstop
, (7)
where gY and g2 are gauge coupling constants of U(1)Y and SU(2)L respectively; v (≡√
v2u + v
2
d) is the EWSB scale and tan β (≡ vu/vd) is a ratio of vacuum expectation values
3As is shown in [12,31], the vanishing soft mass may be also understood by a Nambu-Goldstone nature
of chiral multiplets [32–34].
4Mediation of the SUSY breaking by an axion multiplet without a focus point is discussed in [35–37].
5Here we assume the quantization of the U(1)Y charge, which is the case for U(1) gauge theories in low
energy effective theories of the string theory, embedded into non-abelian gauge symmetries, embedded
into the diffeomorphism of higher dimensional theories, or with a Dirac monopole in the spectrum. The
quantization is also supported by the argument from the absence of exact global symmetries [38].
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of Hu and Hd; µ is the SUSY invariant Higgsino mass term; m
2
Hu and m
2
Hd
are soft SUSY
breaking masses for Hu and Hd, respectively; ∆V is one-loop contributions to the Higgs
potential. The above stationary conditions are evaluated at the stop mass scale Mstop.
For a large value of tan β, the EWSB scale is dominantly determined by m2Hu and µ
2.
The soft SUSY breaking mass for the up-type Higgs at the stop mass scale can be written
as
m2Hu(4 TeV) ' 0.012M21 + 0.246M22 − 1.025M23
− 0.004M1M2 − 0.113M2M3 − 0.017M1M3, (8)
for tan β = 30, mt = 173.34 GeV and αs(mZ) = 0.1181. Here, M1, M2 and M3 are bino,
wino and gluino mass at the scale Min = 2 × 1016 GeV, respectively. We see that, for
instance, when M1 : M2 : M3 = k1 : k2 : k3 = 6 : 2 : 1, m
2
Hu becomes significantly smaller
than the gluino mass scale.
The required ratio is different from unity and cannot be embedded into a simple SU(5)
unification. The ratio k1 6= k2 6= k3 is consistently obtained, for instance, in the framework
of product group unification [39, 40] as shown in [41] (see also [13]). In product group
unification, the unification of quarks and leptons into SU(5) multiplets is maintained, and
the gauge coupling unification is predicted if gauge couplings other than that of SU(5)
is large at the symmetry breaking scale. It should be noted that four dimensional SU(5)
unification theories necessarily suffer from the doublet-triplet splitting problem and a too
large R symmetry breaking scale [42–44], while product group unification does not.
In Fig. 1, the contours of the fine-tuning measure ∆ (black solid lines) and the Higgs
boson mass mh (red dashed lines) are shown, where ∆ is defined by [45,46]
∆ = max
(∣∣∣∣∣ ∂ ln v∂ lnM3
∣∣∣∣∣ ,
∣∣∣∣∣ ∂ ln v∂ ln |µ|
∣∣∣∣∣
)
. (9)
The Higgs boson mass mh is computed using FeynHiggs 2.13.0 [47–51] and mass spectra
of SUSY particles are evaluated using SOFTSUSY 4.0.3 [52]. In the left panel, we take
M1 = M2 = M3 as usual gaugino mediation, while in the right panel we take M1 : M2 :
M3 = 6 : 2 : 1 at Min. On the green dotted lines, Bµ-term vanishes at Min: corresponding
tan β is a prediction rather than a free parameter. In the case with M1 = M2 = M3,
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Figure 1: The contours of ∆ (black solid line) and mh (red dashed line). In the left (right)
panel, M1 = M2 = M3 (M1 : M2 : M3 = 6 : 2 : 1). On the green dotted lines, Bµ-term
vanishes at Min. Here, αs(mZ) = 0.1181 and mt = 173.34 GeV.
∆ > 1500 for mh = 125 GeV. On the other hand, ∆ ≈ 170 in the case of M1 : M2 : M3 =
6 : 2 : 1 (focus point gaugino mediation). We see that ∆ is significantly reduced in focus
point gaugino mediation.
A mass spectrum and ∆ of a sample point are shown in Table. 1. At the point I,
the spectrum is evaluated in the minimal supersymmetric standard model (MSSM). The
squarks and gluino are ∼ 5 TeV while the Higgsino is light compared to the gluino mass
and squark masses.
Further reduction of ∆ is possible if there are extra matter multiplets at an inter-
mediate mass scale [53, 54]. This is because the trilinear coupling among the Higgs and
the stops is enhanced due to larger gauge coupling constants at higher energy scales, and
hence the required stop mass to explain the Higgs mass is reduced. At the point II, we
introduce three pairs of 5+ 5¯ of SU(5) at M5 = 10
4 GeV. The mass spectrum of the SUSY
particles is computed using SuSpect 2.4.3 [55]. Here, ∆ can be as smaller as ∆ = 137.
Also, the gluino mass (and squark masses) can be significantly smaller for mh ' 125 GeV,
which can be tested in the future LHC experiment.
In our set up the higgsino-like neutralino is the lightest supersymmetric particle (LSP).
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Table 1: Mass spectra in sample points. At the point II, three pairs of 5+ 5¯ are introduced at
the scale M5. Here, tanβ is determined to satisfy Bµ(Min) = 0.
Parameters Point I Point II
M3 (GeV) 2500 2600
M1/M3 6 5
M2/M3 2 3
M5 (GeV) - 10
4
Particles Mass (GeV) Mass (GeV)
g˜ 5250 2380
q˜ 4730 - 5420 3300 - 4910
˜t1,2 4490, 4830 1750, 4110
χ˜±1 837 576
χ˜±2 4100 2880
χ˜01 835 575
χ˜02 837 577
χ˜03 4100 2750
χ˜04 6630 2880
e˜L,R 4190, 5520 4410, 4060
τ˜1,2 4150, 5460 3940, 4350
H± 4120 4180
hSM-like 125.4 126.3
µ (GeV) -814 -564
tan β 14.2 18.6
∆ 171 137
With an R parity conservation, the LSP composes a part of dark matter in the universe.
The LSP dark matter interacts with nuclei via the Higgs exchange,
L ' v
2
√
2
(
g22
M2(TeV)
+
g2Y
M1(TeV)
)
hχ˜01χ˜
0
1, (10)
where we assume a large tanβ limit. In Fig. 2, the spin-independent LSP-nucleon scat-
tering cross section is shown as a function of 0.6M1(TeV) = M2(TeV) for µ = 800 GeV.
The constraint from XENON 1T (2017) [56], the future prospect of LZ [57], and so-called
the neutrino floor [58] are also shown. It can be seen that future experiments can cover
the parameter space of our model with ∆ ∼ 100.
We comment on the effect of anomaly mediation [59, 60]. If the gravitino mass m3/2
is as large as O(100) TeV, which is favored by the cosmology of the axion multiplet as
7
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Figure 2: The spin-independent LSP-nucleon scattering cross section as a function of
0.6M1(TeV) = M2(TeV) for µ = 800 GeV.
we will see, anomaly mediation generically generates the soft masses of O(1) TeV, which
ruin focus point gaugino mediation. However, in our setup with the SUSY breaking
by the Ka¨hler and super potential in Eq. (1), the vacuum expectation value of the scalar
auxiliary component of the supergravity multiplet vanishes [6]. Thus unavoidable anomaly
mediation determined by the super-diffeomorphism invariance [61] also vanishes. (A too
large Bµ term of the Higgs multiplet is also avoided.) Anomaly mediation caused by
the couplings between the F term of the SUSY breaking field and the MSSM fields from
the Ka¨hler potential [63] also vanishes as we assume the sequestering. The remaining
possibility is the mediation effect caused by the couplings between the SUSY breaking
field and the MSSM fields in path-integral measures. We assume that the path-integral
measures of the SUSY breaking field and the MSSM fields are also sequestered from each
other. So far, the focus point behavior is not disturbed by anomaly mediation in our
setup.
Finally, we note that the CP violation in the MSSM sector vanishes [64]. The seques-
tering ensures that CP phases from sfermion masses vanish. Due to the shift symmetry of
Φ the phases of the gaugino masses are aligned with each others, and hence an R rotation
which makes the constant C real makes all of the gaugino masses real. The µ term can
be made real by a PQ rotation. The Bµ term is radiatively generated from the gaugino
8
masses, and is also real.6
4 Cosmology of the axion multiplet
In this section we discuss the cosmological issues of the axion multiplet. The scalar
component of the multiplet is composed of an axion, which obtains its mass from the
QCD strong dynamics, and a saxion, which obtains the mass from the SUSY breaking
through the Ka¨hler potential. The fermion component of the multiplet is absorbed into
the longitudinal component of the gravitino.
The saxion in general has a large initial field value and a large energy density in the
early universe. It is long-lived and may cause cosmological problems. We first derive
the condition such that the saxion decays before Big Bang nucleosynthesis (BBN). As
we have seen in section 2, the coefficients of the Ka¨hler potential are O(1) in the Planck
units. The saxion mass mS is then expected to be O(m3/2). The decay rate of the saxion
becomes maximum when its decay into a pair of gravitinos is kinematically allowed. The
decay rate is given by [65]
Γ(s→ 2ψ3/2) = 1
96pi
m5s
m23/2M
2
Pl
. (11)
The gravitino decays into MSSM particles with a decay rate
Γ3/2 =
121
192pi
m33/2
M2Pl
. (12)
For m3/2
>∼ 100 TeV, the saxion as well as the produced gravitino decays into MSSM
particles before the onset of the BBN. The gaugino mass of O(1) TeV is obtained for
fa
>∼ 1018 GeV.
Even if the saxion decays before the BBN, as it eventually decays into the LSP, the
universe may be overclosed by dark matter. We consider two solutions to the problem.
We may simply assume that the saxion initial field value is fine-tuned. This may be
required by the anthropic principle; a larger dark matter density leads to early collapse
6We may introduce a coupling between the down-type Higgs Hd and the SUSY breaking field Φ in the
Ka¨hler potential without spoiling the focus point behavior while making tanβ a free parameter because of
a non-zero Bµ term at a mediation scale. Even in this case the shift symmetry ensures that the coupling
between Φ and Hd is real: no new CP phase is introduced.
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of dark matter into halos with larger densities, where habitable planets are more easily
destroyed [66].
Another possibility is that the R parity is broken, and hence the LSP is unstable.
This may make the higgsino unstable in the collider time scale, so that the LHC can more
easily search for the higgsino. For example, with the R parity violating operator κLτHu,
the neutral higgsino decays into τ± +W∓, and the charged higgsino decays into τ +Z/h
if κ is sufficiently large. The LHC with
√
s = 13 GeV and the integrated luminosity of
1ab−1 can search for the higgsino as heavy as 600 GeV [67].
The saxion also decays into axions through the interaction
L = 1√
2
∂3K
∂x3
s∂a∂a, (13)
which are observed as dark radiation of the universe. Using Eqs. (3) and (4), the decay
rate is given by
Γ(s→ 2a) = 1
48pi
m3s
M2Pl
. (14)
When the saxion dominates the energy density of the universe and decays, which is allowed
if the R parity is violated, the abundance of the axion is given by
∆Neff = 0.49×
(
5m3/2
ms
)2
. (15)
In order for the abundance of the dark radiation to satisfy the experimental constraint,
∆Neff < 0.6 [68], the saxion mass is required to be about five times larger than the grav-
itino mass. When the initial saxion abundance is fine-tuned, so that the LSP abundance
is suppressed without the R parity violation, the saxion is a subdominant component of
the universe when it decays. The abundance of the axion produced from the decay of the
saxion is negligibly small.
With the decay constant of fa ∼ MPl, the axion abundance produced by the initial
misalignment angle [69–71] exceeds the observed dark matter abundance, if the initial
angle is larger than O(10−4). We assume that the initial angle is fine-tuned to be small by
the anthropic principle. Note that the axion abundance much smaller than the observed
one requires extra fine-tuning in the initial angle. Thus we expect that the axion abun-
dance is comparable to the observed dark matter abundance. Axion dark matter with
the decay constant of O(MPl) can be detected by proposed experiments [72].
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A QCD axion with a decay constant around the Planck scale has a Compton length
comparable to the sizes of astrophysical black holes. Such bosonic particle, through
the black hole superradiance effect [73], slows down the rotation of black holes. From
the observations of black holes with large spins, the existence of light bosons might be
excluded [74]. The determination of the spin of black holes, however, crucially depends on
the modeling of accretion discs as well as emission of X-rays from them, which is currently
subject to some uncertainties (see e.g. [75–77]). We conservatively consider that the decay
constant of the Planck scale is still a viable option.
5 Discussion and conclusions
In this paper we consider a simple theory where a single string axion multiplet is respon-
sible for the supersymmetry breaking, its mediation to the standard model sector and a
solution to the strong CP problem. The couplings of the axion multiplet to the gauge
multiplets are fixed by the anomaly indices of the shift symmetry, and hence the gaugino
masses take fixed, rational ratios. Assuming that the soft masses of scalars vanish at
the mediation scale, focus point gaugino mediation is realized. The electroweak scale is
obtained by a tuning of only O(1)% between the gaugino mass and the supersymmetric
mass term of the Higgs multiplet.
From the cosmological consideration on the dynamics of the saxion, the decay con-
stant of the axion and the gravitino mass are predicted to be O(MPl) and O(100) TeV,
respectively. The overproduction of the LSP dark matter from the decay of the saxion
is avoided by the anthropic principle or an R parity violation. For the former case the
higgsino composes (a part of) dark matter, and signals in near future direct detection
experiments are expected. For the latter case the axion produced by the decay of the
saxion may be observed as an extra relativistic component of the universe.
With a decay constant of O(MPl), the axion abundance produced by the misalignment
exceeds the observed dark matter abundance, if the misalignment angle is O(1). Assuming
the suppression of it by the anthropic principle, the axion is expected to compose O(1)
fraction of the dark matter density in the universe. The dark matter axion can be detected
in proposed experiments.
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